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A B S T R A C T
Tapeworms are pervasive and globally distributed parasites that infect millions of humans and live-
stock every year, and are the causative agents of two of the 17 neglected tropical diseases prioritized by
the World Health Organization. Studies of tapeworm biology and pathology are often encumbered by
the complex life cycles of disease-relevant tapeworm species that infect hosts such as foxes, dogs, cattle,
pigs, and humans. Thus, studies of laboratory models can help overcome the practical, ethical, and cost-
related diﬃculties faced by tapeworm parasitologists. The rat intestinal tapeworm Hymenolepis diminuta
is easily reared in the laboratory and has the potential to enable modern molecular-based experiments
that will greatly contribute to our understanding of multiple aspects of tapeworm biology, such as growth
and reproduction. As part of our efforts to develop molecular tools for experiments on H. diminuta, we
have characterized a battery of lectins, antibodies, and common stains that label different tapeworm tissues
and organ structures. Using confocal microscopy, we have assembled an “atlas” of H. diminuta organ ar-
chitecture that will be a useful resource for helminthologists. The methodologies we describe will facilitate
characterization of loss-of-function perturbations using H. diminuta. This toolkit will enable a greater
understanding of fundamental tapeworm biology that may elucidate new therapeutic targets toward the
eradication of these parasites.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Tapeworms (Platyhelminthes, Cestoda) cause a variety of dis-
eases in both humans and livestock. Larval tapeworms of the family
Taeniidae are the etiological agents of hydatid disease and cysti-
cercosis, which cause a range of debilitating pathologies such as
organ failure and seizures that can be fatal (Brunetti et al., 2010;
Eckert and Deplazes, 2004; Garcia et al., 2007). Adult tapeworms
from all genera almost exclusively reside in the intestine and cause
milder symptoms than their larval counterparts, such as abdomi-
nal discomfort and diarrhea (Craig and Ito, 2007). Tapeworms are
pervasive and globally distributed, with a human disease burden
estimated at 1 million disability-adjusted life years (Budke et al.,
2009).
Twelve tapeworm genomes have been sequenced and are
publically available (Wellcome Trust Sanger Institute, 2014; Tsai et al.,
2013). This wealth of genomic data will facilitate the use of com-
parative bioinformatics to identify potential targets for designing
anthelminthic drugs. To complement the genome sequencing efforts,
it is necessary to establish tractable model systems to elucidate the
functions of parasite genes. In this respect, rodent tapeworms of
the genus Hymenolepis are convenient laboratory models with
many practical advantages (Cunningham and Olson, 2010;
Pouchkina-Stantcheva et al., 2013; Siles-Lucas and Hemphill, 2002).
The rat intestinal tapewormHymenolepis diminuta is especially suited
for the study of parasite biology in part because the complete life
cycle can be recapitulated in vivo and in vitro (Evans, 1980; Roberts,
1980; Ubelaker, 1980). Studies on H. diminuta will enable us to in-
vestigate the genetic regulation of tapeworm growth and
reproduction, which is potentially applicable to a wide range of
disease-relevant ﬂatworms that are more diﬃcult to rear and ma-
nipulate. However, modern molecular tools such as RNA in situ
hybridization and loss-of-function perturbations need to be devel-
oped to fully realize the potential of H. diminuta as a model system.
These efforts are ongoing in our lab.
In this study, we characterize a battery of common reagents, in-
cluding plant lectins and antibodies with broad cross-reactivity, and
develop an easily adaptable whole-mount staining protocol. These
markers have allowed us to use confocal microscopy to reveal an
“atlas” of different tissues and organ structures of H. diminuta. We
chose this set of stains because they have been shown to label various
tissues of other ﬂatworms, namely the parasitic blood ﬂuke Schis-
tosoma mansoni (Collins et al., 2011) and the free-living planarian
Schmidtea mediterranea (Chong et al., 2011; Zayas et al., 2010). These
stains serve as convenient tools for cross-species studies using mul-
tiple ﬂatworms. More importantly, these stains will be valuable tools
to investigate phenotypes following loss-of-function perturbations.
2. Materials and methods
2.1. Obtaining adult H. diminuta
Mealworm beetles (Tenebrio molitor) carrying H. diminuta cys-
ticercoids were purchased from Carolina Biological. Cysticercoids
were dissected out in 0.85% NaCl and fed to Sprague–Dawley rats
by oral gavage. Adult tapeworms were recovered between 6 and 21
days after infection. To recover the adults, the rats were euthan-
ized in a CO2 chamber and the small intestine removed. The contents
of the intestine were ﬂushed out with Hanks Balanced Salt Solu-
tion (HBSS) (Life Technologies) (140 mg/L CaCl2, 100 mg/L
MgCl2.6H2O, 100mg/L MgSO4.7H2O, 400mg/L KCl, 60mg/L KH2PO4,
350mg/L NaHCO3, 8 g/L NaCl, 48mg/L Na2HPO4, 1 g/L D-glucose, no
phenol red). The tapeworms were washed by transferring them into
fresh HBSS several times using a stainless steel tool with a hooked
end (Moody Tools).
2.2. Excystment of H. diminuta
Cysticercoids were dissected from infected T. molitor and treated
with acid-pepsin (10 mg/mL pepsin (Sigma) in 0.85% NaCl pH 2.0)
for 10 min at 37 °C. Cysticercoids were then transferred to bile so-
lution (10 mg/mL sodium tauroglycocholate (HiMedia), 5 mg/mL
trypsin (Sigma), in HBSS pH 7.4) for 30min at 37 °C; more than 80%
of cysticercoids excysted following this protocol. Juveniles were
washed in HBSS. All Petri dishes were pre-coated with 0.5% bovine
serum albumin (BSA) to inhibit the cysticercoids and juveniles from
sticking.
2.3. Fixation and staining
Adult H. diminuta were heat-killed by extending the worms in
70–75 °C distilled water for ~5 s to straighten them. The worms
were then immediately ﬁxed in 4% formaldehyde/0.1% NP40/
PBSTx (PBS (8 g/L NaCl, 200 mg/L KCl, 270 mg/L KH2PO4, 1.42 g/L
Na2HPO4, pH 7.4) + 0.3% Triton-X 100) for 2 hours at room temper-
ature or overnight at 4 °C. Adult worms range from 5 to 40 cm in
length depending on their age. After ﬁxation they were rinsed in
PBSTx and cut into ~0.5 cm pieces. Samples were dehydrated
into ethanol and stored at −20 °C until use. Rehydrated samples
were treated with Proteinase K (Invitrogen) solution (2 μg/mL,
0.1% SDS in PBSTx) for 20 min–1 hr depending on the size of the
samples and then post-ﬁxed for 10 min in 4% formaldehyde/
PBSTx. Proteinase K treatment was not necessary for most stains
and should be omitted for staining with anti-synapsin antibodies
and phalloidin. Samples were blocked in 0.6% BSA (Jackson Immuno
Research)/0.45% Fish Gelatin (Sigma)/5% Horse Serum (Sigma)/
PBSTx. All primary stains were done in blocking solution overnight
at 4 °C.
For a list of primary stains used with corresponding dilutions,
refer to Supplementary Table S1. The phalloidin and lectins were
pre-conjugated to ﬂuorophores. For antibody staining we used
tyramide signal ampliﬁcation (TSA) with in-house FAM-, TAMRA-,
or DyLight 633-conjugated tyramides (King and Newmark, 2013).
TSA detection was done using secondary HRP-conjugated antibod-
ies (Invitrogen) at 1:1000 for 2 hours at room temperature followed
by 10 min incubation in Ampliﬁcation Diluent containing the
appropriate ﬂuorescent tyramide (1:500 FAM- or TAMRA-tyramide
or 1:250 DyLight 633-tyramide, 0.003% H2O2, 20 μg/mL
4-iodophenylboronic acid in dimethylformamide, in TSA buffer (2M
NaCl, 100mM borate, pH 8.5, stored at 4 °C)). DAPI staining was per-
formed in PBSTx at 1 μg/mL overnight at 4 °C. All samples were
cleared in 80% glycerol/10mM Tris pH 7.5/1mM EDTA andmounted
on slides for imaging.
Newly excysted juvenile H. diminuta were very small and
diﬃcult to track. Thus, staining was done in 1.7 mL Eppendorf
tubes pre-coated with 0.5% BSA. Before every solution change,
the tubes were microcentrifuged for ~10 s to accumulate the
juveniles to the bottom. Then ~95% of the supernatant was removed
for every wash. Dehydration and Proteinase K treatment were
omitted.
2.4. Imaging
Samples were imaged on a Zeiss LSM 710 confocal microscope
(Carl Zeiss). Objectives used: EC Plan-Neoﬂuar 10×/0.3, Plan-
Apochromat 20×/0.8, C-Apochromat 40×/1.2 water, and Plan-
Apochromat 63×/1.4 Oil. Alexa 488/FITC/FAM, TAMRA/Rhodamine,
and DyLight 633 ﬂuorophores were excited with 488 nm, 561 nm,
and 633 nm lasers, respectively. Image processing was done using
Zen 2009 (Carl Zeiss) or ImageJ.
32 T. Rozario, P.A. Newmark/Experimental Parasitology 158 (2015) 31–41
3. Results and discussion
In this paper, we employ common stains, lectins, and antibod-
ies to observe and characterize the organization of numerous tissues
in adult H. diminuta. Our goal is to illustrate that the majority of
adult tapeworm tissues can be observed using simple staining
methods and reagents, making this species amenable to laborato-
rymanipulations. Our observations concurwith previous descriptions
of H. diminuta anatomy using electron microscopy and histology.
For amore in-depth description of H. diminuta ultrastructure, readers
are referred to an excellent review by Lumsden and Specian (1980).
3.1. General adult body plan and life cycle
3.1.1. Body plan organization
Adult H. diminuta can be divided into three parts: scolex, ger-
minative region or neck, and strobila (Fig. 1). The scolex is the most
anterior structure, made of a centrally protruding hookless rostel-
lum and four muscular suckers. The neck is directly posterior to the
scolex and serves as a growth zone fromwhich the strobila is formed
(Bolla and Roberts, 1971; Lumsden and Specian, 1980). The stro-
bila consists of hundreds to thousands of apparent segments called
proglottids. There is no internal septum or barrier that separates
each proglottid. The proglottids “bud” one at a time from the neck;
consequently, the most anterior proglottids are the youngest and
the most posterior proglottids are the oldest. Each proglottid is fated
to specify and elaborate the entire complement of male and female
reproductive organs. Following fertilization, embryos are stored in
the uterus in each proglottid. Toward the posterior of the worm, the
oldest proglottids become gravid. In each gravid proglottid, the uterus
expands to accommodate developing embryos while other repro-
ductive structures degenerate.
H. diminuta reaches reproductive maturity in 2–3 weeks and can
remain healthy and reproductively active inside the rat intestine for
the duration of the rat’s lifespan. In this time, H. diminuta reaches
an equilibrium length of ~60 cm and roughly 2000 proglottids
(Chandler, 1939; Roberts, 1961).
3.1.2. Life cycle
H. diminuta cannot complete its life cycle within a single host.
Once the adult has reached gravidity, gravid proglottids are pinched
off and expelled out of the host rat, inside the stool. The embryos
within the shed proglottids must be eaten by a suitable arthropod
host (such as beetles), in which larval stages of development occur.
Larval development has been extensively reviewed in Ubelaker
(1980). In our laboratory, gravid proglottids are fed to mealworm
beetles (T. molitor), which facilitate development of infective cys-
ticercoids in 8–14 days (Voge and Heyneman, 1957). The infective
cysticercoids can remain dormant in the hemocoel for the life of
the beetle or until the infected beetle is consumed by a rat. To com-
plete the life cycle in the laboratory, cysticercoids are dissected out
of the beetles and administered to rats via oral gavage. When the
cysticercoids reach the stomach, excystment of the juvenile tape-
worm is triggered and the empty cyst is discarded (Rothman, 1959).
Newly excysted juvenile tapeworms possess a scolex and a short
body with no strobila. The juvenile establishes itself in the rat in-
testine using its suckers to attach to the intestinal wall where it grows
to reproductive maturity.
3.1.3. Major organ structures
H. diminuta, like many parasites, has reduced its genome size
(Olson et al., 2012; Tsai et al., 2013) and simpliﬁed its body plan
while maximizing ﬁtness in the host environment. Tapeworms have
evolved unique structures and strategies that facilitate their para-
sitic needs. Like all tapeworms, H. diminuta is devoid of an internal
gut. Nutrients are absorbed andwaste is excreted using a highly spe-
cialized external surface called the tegument, which is unique to
parasitic ﬂatworms. The tegument functions as both the parasite
skin and gut. Furthermore, the tegument is decorated with ﬁne pro-
jections called microtriches (Lumsden, 1975a, 1975b).
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region/neck
strobila
reproductive
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reproductive
degeneration
& gravidity
intestine
(excystment)
infective
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Fig. 1. Overview of the H. diminuta adult body plan and life cycle. (A) H. diminuta adults possess a scolex, germinative region/neck, and strobila. The scolex contains a ros-
tellum and four suckers. The strobila is composed of hundreds to thousands of apparent segments known as proglottids that bud from the germinative region one at a
time. Reproductive maturation progresses in an anteroposterior gradient. A mature worm undergoes fertilization and accumulates embryos inside the uterus of the termi-
nal proglottids. The posterior proglottids that are primarily composed of embryos are termed gravid. (B) Depiction of the life cycle of H. diminuta.
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In addition to unique parasite-speciﬁc structures such as the tegu-
ment, H. diminuta possesses many tissues shared bymost bilaterians
such as a nervous system, musculature, and osmoregulatory system.
The chief difference is that many tissues that would normally be
formed of epithelia are instead syncytial (Lumsden and Specian,
1980). This is the case for most of the lumenal ducts, the uterus,
and the tegument.
3.2. Musculature
After excystment, each juvenile H. diminuta has already formed
one rostellum and four suckers. These structures are highly
muscularized and can be visualized by staining with phalloidin
(Fig. 2A). The suckers and rostellum are retained as the tapeworm
matures (Fig. 2B) and are the dominant muscular structures in the
anterior of the worm. The musculature is composed of longitudi-
nal, transverse and circular muscle ﬁbers that have been thoroughly
described using ultrastructural methods (Lumsden and Byram, 1967;
Specian and Lumsden, 1980) and can be identiﬁed using phalloi-
din staining (Supplementary Movie S1).
The body wall musculature is circumferential and closely jux-
taposed to the tegument. The strobila musculature can be deﬁned
anatomically as two cortical sheets: superﬁcial muscle and med-
ullary muscle, between which lie the tegumentary cytons. The
superﬁcial muscle is composed of ﬁne ﬁbers that form basal to the
distal cytoplasm of the tegument (Fig. 2C, D) and consists of both
longitudinal and circular ﬁbers (Fig. 2E, E′). The circular ﬁbers of
the superﬁcial muscle are weakly stained by phalloidin compared
to the longitudinal ﬁbers. The medullary muscle is made of thick
ﬁbers that are positioned basal to the tegumentary cytons (Fig. 2D,
F, F′). Longitudinal medullary ﬁbers are themost visible muscle com-
ponents stained by phalloidin along the length of the worm (Fig. 2F).
Cortical transverse ﬁbers mark the proglottid boundaries (Fig. 2F′,
G). In addition to the body wall musculature, phalloidin also marks
the contractile elements associated with the genitalia (Fig. 2G:
asterisks).
The nuclei of individual muscle cells are offset and connected
by a cytoplasmic bridge (Lumsden and Byram, 1967). This organi-
zation is common to most if not all ﬂatworms (Lumsden and Byram,
1967). The musculature is essential to tapeworm physiology as
muscle contraction is used for locomotion in the intestine, attach-
ment to the intestinal wall, and mating. Muscle cells are also used
for glycogen storage (Lumsden and Specian, 1980).
3.3. Nervous system and other sensory structures
Like other ﬂatworms, adult H. diminuta possesses a nervous
system with both central and peripheral components. The nervous
system can be visualized by staining with anti-synapsin antibod-
ies (Fig. 3A–D), which has been previously used to describe the
nervous system of multiple ﬂatworm species (Collins et al., 2011;
Fraguas et al., 2014). The “brain”, known as the cephalic ganglia, is
positioned at the base of the suckers (Fig. 3A, B). Two lateral
nerve cords and two median nerves originate from the cephalic
ganglia and extend along the anteroposterior axis (Fig. 3A–D).
The overall architecture of the cephalic ganglia and lateral nerve
cords is already present in newly excysted juvenile tapeworms
(Fig. 3A) and continues to increase in complexity as the animal
develops.
The cephalic ganglia are made of two large laterally positioned
ganglia that are connected by a transverse commissure. Anterior pro-
jections are made from the cephalic ganglia to the suckers and
rostellum (Fig. 3A, B). Neuronal projections can be seen in the ros-
tellar capsule and throughout the suckers. While synapsin staining
is an excellent broad neuronal marker, it is not suﬃcient to repre-
sent the true diversity of neuronal connections that exist in H.
Fig. 2. Musculature. (A–G) Phalloidin staining of musculature (cyan). (A) Newly
excysted juvenile tapeworm with clearly visible suckers and rostellum. (B) Scolex
of an adult tapeworm. (C) Phalloidin and DAPI (gray) staining showing that super-
ﬁcial andmedullarymuscles ﬂank the tegumentary cytons. (D) Depiction of themuscle
and tegument architecture. (E) En face view of superﬁcial muscle of the strobila. This
is a maximum projection of the most apical ﬁbers in an immature region of the stro-
bila. The thickness of the projection is 4 μm. (E′) Magniﬁed view of circular muscle
ﬁbers in the superﬁcial layer (yellow arrowheads). (F) En face view of medullarymuscle
of the strobila. This is a maximum projection taken from the same confocal z-stack
as E positioned 9 μm basal to the ﬁrst visible superﬁcial ﬁbers. The thickness of the
projection is 8 μm. (F′) Magniﬁed view of the circular muscle ﬁbers in the medul-
lary layer (red arrowheads). (G) Transverse muscle ﬁbers in the strobila primarily
mark the proglottid boundaries (red arrowheads). The terminal genitalia are also
highly muscularized (asterisks). Scale bars: A–F′ = 50 μm; G = 100 μm. S = sucker,
R = rostellum, MT = microtriches, DC = distal cytoplasm, SM = superﬁcial muscle,
TC = tegumentary cyton, and MM = medullary muscle.
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diminuta. For example, staining of acetylcholinesterase (AChE) ac-
tivity reveals a series of rings in the rostellar capsule (Wilson and
Schiller, 1969) that is not obvious using synapsin staining.
Supplemental Movie S2 provides a frame-by-frame view of the in-
nervations visible using synapsin staining in the adult scolex. For
a detailed description of innervation in the scolex, readers are re-
ferred to excellent neurocytological descriptions using AChE (Wilson
and Schiller, 1969) and paraldehyde-fuchsin (Specian and Lumsden,
1980) staining.
Throughout the strobila, the nervous system is elaborated in a
highly stereotypical pattern. The longitudinal cords and nerves tra-
verse the entire length of the strobila. Additionally, three transverse
commissures connect to the lateral nerve cords in every proglot-
tid (Fig. 3D). Peripheral nerves project throughout the parenchyma
though they are more diﬃcult to resolve using whole mount stain-
ing with synapsin antibodies. Tracing of speciﬁc nervous projections
has been accomplished using high-resolution imaging of sections
stained with neuronal markers like anti-serotonin sera (Webb and
Mizukawa, 1985).
Under higher magniﬁcation, the ﬁne structure of the nervous
system can be revealed with synapsin staining. For example, minor
nerve cords that ﬂank the lateral nerve cords can be resolved (Fig. 3E).
These structures were previously identiﬁed using staining of AChE
activity (Wilson and Schiller, 1969). However, we were unable to
deﬁnitively identify “motor end plates” at the neuromuscular junc-
tions along the lateral nerve cords as was seen with AChE staining
(Wilson and Schiller, 1969). Thus, synapsin antibodies are a good
general marker for the nervous system but other tools may be nec-
essary to highlight speciﬁc neuronal contacts.
The reproductive system is clearly innervated at particular points.
At the poral edge, the cirrus pouch and genital atrium are strongly
stained with synapsin antibodies (Fig. 3F, asterisks). Additionally,
Fig. 3. Nervous and sensory system. (A–D) Progression of nervous system development visualized by anti-synapsin (Syn) staining and DAPI. (A) Newly excysted H. diminuta
juveniles have prominent lateral nerve cords and major innervations into the suckers and rostellum. (B) The general architecture of the central nervous system is main-
tained in the scolex of adult H. diminuta. (C) The germinative region has numerous neuronal projections to and from the lateral nerve cords. Two median nerves also extend
through the length of the tapeworm. (D) Once proglottidization has begun, a stereotypical pattern of three major transverse commissures per proglottid becomes estab-
lished. (E) Adjacent to each lateral nerve cord lie minor nerve cords. (F) Innervation of the reproductive system occurs at poral organs including the genital atrium and
cirrus pouch (asterisk) as well as the oviduct and vitelline duct (arrowhead). (G–I) Sensilla at the surface of the tegument labeled with anti-acetylated α-tubulin antibodies
(Ac-tub). (G) Diagram of sensilla projecting through the tegument. (H) Cross-section view of the sensilla relative to the tegumentary cytons at the edge of a typical pro-
glottid. (I) En face view of the surface of the tegument after maximum projection showing patches of sensilla. Scale bars: A–D: 100 μm; E, F: 50 μm; H, I: 10 μm. LNC = lateral
nerve cord, S = sucker, R = rostellum, CG = cephalic ganglia, MN = median nerve, TrC = transverse commissures, O = ovary, T = testis, mnc = minor nerve cord, SS = sensilla, and
TC = tegumentary cyton(s).
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peripheral neurons project to the oviduct and vitelline duct (Fig. 3F,
arrowheads) and may play important roles in coordinating fertil-
ization and the pairing of the zygote with a vitelline cell from the
vitelline gland. Most other reproductive structures like the gonads,
uterus, and sperm ducts are not stained with synapsin or other neu-
ronal stains such as antibodies against various neurohormonal
peptides or histochemistry for AChE activity (Gustafsson, 1987;
Gustafsson et al., 1995; Sukhdeo and Sukhdeo, 1994; Wilson and
Schiller, 1969). However, considering that neuropeptides have been
shown to play important roles in the regulation of reproductive
Fig. 4. Osmoregulatory system. (A–C) Excretory canals of adult H. diminuta can be visualized by staining with LCA and phospho-serine/threonine antibodies (P-S/T). (A′–C′)
DAPI staining shows the degree of development of each proglottid. (A–A′) Adult scolex. (B–B′) Immature proglottids. (C–C′) Reproductively mature proglottids. The inset in
B shows the approximate position of frames D-E (imaged from different specimens). The longitudinal canals are dorso-ventrally paired and run the length of the animal.
Single transverse canals link to longitudinal canals in each proglottid. (D–D′) Confocal micrographs from a z-stack of LCA staining showing that the dorsal excretory canal
is smaller than the ventral excretory canal and that only the ventral excretory canal is connected to transverse canals. (E) The canals are connected to a network of collect-
ing ducts that terminate in ﬂame cells. The ducts can be visualized with anti-phospho-tyrosine (P-Y) antibodies. (F) Flame cells stained with phalloidin (Phal) are distributed
throughout the medullary muscle and parenchyma. (G) Depiction of ﬂame cells and collecting ducts modiﬁed from Lumsden and Specian (1980). (H–K) High magniﬁcation
view of ﬂame cells and collecting ducts paired with DAPI labeling of nuclei (gray). The arrowheads point to the ﬂame cell nuclei. (H) Anti-acetylated α-tubulin antibodies
(Ac-tub) label the ﬂame cell cytoplasm and the cilia that compose the ﬂame in the collecting duct. (I) LCA labels the cytoplasm of the collecting duct directly juxtaposed to
the ﬂame cell but not the ﬂame cell itself. (J) Jacalin stains around the rootlet that borders the ﬂame cell and collecting duct. (K) Anti-phospho tyrosine antibodies label the
collecting duct but the epitopes are largely absent in the ﬂame cell proper. Scale bars: A–E′: 100 μm; F–K: 10 μm. lg = longitudinal, tv = transverse, O = ovary, T = testis, DEC = dorsal
excretory canal, VEC = ventral excretory canal, NC = nerve cord, CD = collecting duct, FC = ﬂame cell, n = nucleus, R = rootlet, LT = leptotriches, and F = ﬂame/cilia.
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development and function in planarians (Collins et al., 2010), it is
premature to rule out innervation in these structures.
Additionally, sensory projections known as sensilla are found on
the surface of the tegument as diagramed in Fig. 3G. These sen-
silla are ciliated, dendritic projections and can be detected by staining
with anti-acetylated α-tubulin antibodies (Fig. 3H, I). Sensilla are
common in many tapeworm species (Cooper et al., 1975; Morseth,
1967; Webb and Davey, 1974) and are presumed to function in
chemosensation and/or mechanosensation (Lumsden and Specian,
1980).
3.4. Osmoregulatory system
Osmoregulation in H. diminuta is facilitated by an organ system
that bears many similarities to protonephridia of other ﬂatworms
(Wilson and Webster, 1974). In adult H. diminuta, the osmoregu-
latory system is made of three major parts: (1) canals for excretion;
(2) networks of capillary-like tubules; and (3) ﬂame cells that func-
tion as primitive nephrons.
The excretory canals can be stained with Lens culinaris lectin
(LCA), anti-phospho serine/threonine antibodies, and anti-phospho
tyrosine antibodies (Fig. 4A–E). In the scolex, the excretory canals
extend into the rostellum (Fig. 4A). Throughout the body of the adult,
the excretory canals have a ladder-like appearance with both lon-
gitudinal and transverse canals (Fig. 4B, C). The longitudinal canals
are dorso-ventrally paired and laterally positioned while a single
transverse canal connects the longitudinal canals in each proglot-
tid (Fig. 4B, C). The dorsal excretory canal (DEC) is distinguishable
from the ventral excretory canal (VEC) by its smaller diameter
(Fig. 4D, D′). The transverse canals are connected to the VEC only
(Fig. 4D′). The canals are connected to a network of tubules that ter-
minate with ﬂame cells (Fig. 4E, F). The ﬂame cells are distributed
throughout the medullary muscle and parenchyma (Fig. 4F), and
are directly connected to collecting ducts.
The architecture of ﬂame cells and adjacent collecting ducts is
depicted in Fig. 4G. Various stains can distinguish components of
the ﬂame cells and collecting ducts (Fig. 4H–K). Anti-acetylated
α-tubulin antibodies label the ﬂame cell and the ﬂame/cilia that
extend into the collecting duct (Fig. 4H). LCA labels the cytoplasm
of the collecting duct but not the ﬂame cell (Fig. 4I). The lectin Jacalin
labels the border between the ﬂame cell and collecting duct around
the rootlet structure (Fig. 4J). Anti-phospho tyrosine antibodies label
the collecting duct, including the ciliated ﬂame but not the ﬂame
cell proper (Fig. 4K).
Flame cells are predicted to ﬁlter the body ﬂuids of H. diminuta
and funnel waste to the canal system through the collecting ducts.
The longitudinal canals open into the most posterior proglottid and
can directly release waste into the environment (Lumsden and
Specian, 1980). However, excretory functions are also mediated by
the tegument, which can release waste products through vesicu-
lar transport (Lumsden and Specian, 1980).
3.5. Rostellum
H. diminuta forms a hookless rostellum that can be actively ma-
neuvered by the parasite andmay aid in attachment and/ormigration
of the parasite along the intestinal wall. The presence of large vesicles
in the rostellum suggests that it may also play secretory functions
(Lumsden and Specian, 1980). The rostellum is covered by the same
tegument that is contiguous with the rest of the tapeworm body.
However, the rostellar surface shows differential speciﬁcity for
binding of lectins. Lectins such as succinylated wheat germ agglu-
tinin (sWGA) and peanut agglutinin (PNA) bind to the rostellar
surface while lectins such as LCA do not show any speciﬁcity for
this region (Fig. 5A, B). Thus the tegument at the rostellum appears
to be a specialized structure. The differential speciﬁcity for lectin
binding at the rostellum is already apparent in newly excysted ju-
veniles (Fig. 5A, B) and persists in the adults (Fig. 5C).
Previous studies have found that the ﬁne structure of the
microtriches at the rostellar surface are unique, with more elon-
gated projections and ﬁlamentous tips than microtriches on the rest
of the body tegument (Lumsden and Specian, 1980). The differen-
tial speciﬁcity for lectins indicates that the carbohydrate composition
of tissue at this site is different from the rest of the tegument and
that the surface of the rostellum might be functionally specialized
compared to the rest of the tegument.
3.6. Reproductive structures
As H. diminuta matures, each proglottid forms both male and
female reproductive organs. In Fig. 6A, the reproductive system of
H. diminuta is diagrammed. Sperm is made in testis lobules and is
shuttled through a system of sperm ducts to a common reposito-
ry called the external seminal vesicle (ESV). Sperm is then sent to
the internal seminal vesicle (ISV), which is connected to the male
ejaculatory organ: the cirrus (C). The cirrus can extend outside of
the proglottid to penetrate a different proglottid through the female
genital pore called the genital atrium (GA). Sperm is deposited into
the vagina (V) and stored in the seminal receptacle (SR). Since re-
productive development is protandrous in H. diminuta, the sperm
can be stored in the SR even before the ovary has matured suﬃ-
ciently to produce oocytes (Lumsden and Specian, 1980; Nollen,
1975; Roberts, 1961). Mature oocytes and sperm are traﬃcked to
the oviduct (OD) where fertilization occurs. The zygote is then paired
with a single vitelline cell that originates from the vitelline gland
(VG). The vitelline gland sits atop the uterus and vitelline cells con-
tribute to the construction of protective membranes and coats that
enclose the developing embryo (Ubelaker, 1980). At early stages of
development, the uterus (U) is small but it continues to grow in size
as fertilization progresses to accommodate the developing embryos.
The reproductive organs of H. diminuta are complex but we have
successfully labeled various components with lectins, antibodies,
and other stains. In fact, the degree of reproductive maturity of each
Fig. 5. Surface of the rostellum. (A, B) In newly excysted juvenile H. diminuta, the surface of the rostellum is a specialized region that binds lectins sWGA and PNA but not
LCA. (C) Adult H. diminuta maintains this specialized rostellar surface shown by staining with PNA. Scale bars: A, B: 50 μm; C: 200 μm. R = rostellum.
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Fig. 6. Reproductive structures. (A) Depiction of reproductive tissues in mature proglottids modiﬁed from Lumsden and Specian (1980). (B) Using DAPI staining many major
features of the reproductive system are plainly visualized. (C–C′) Staining with anti-acetylated tubulin (Ac-tub) antibodies labels the sperm ducts that connect the gonads
and accessory reproductive organs. (D) Sperm ducts and vesicles can also be visualized using sWGA. (E) The ejaculatory organ (cirrus) is marked by sWGA and is connected
to the internal seminal vesicle (labeled with phalloidin) where sperm is stored prior to penetration. (F–F′) Fertilization occurs in the oviduct, which can be labeled with
anti-phospho tyrosine (P-Y) antibodies. (G–H′) The vitelline gland sits atop the uterus and is labeled by several lectins such as PNA. (G–G′) At early stages of development
prior to fertilization, PNA labeling is conﬁned to the vitelline gland. (H–H′) During fertilization, the zygote is paired with a vitelline cell as it enters the uterus. Thus at late
stages, PNA labeling is also visible in the uterus (marked by the yellow dotted line). Scale bars: B: 100 μm; C–H′: 50 μm.
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proglottid can be roughly visualized using a simple DAPI stain
(Fig. 6B). The gonads and genital pore components are clearly visible
by DAPI staining because of their distinctive morphologies (Fig. 6B).
The external seminal vesicle, internal seminal vesicle, and seminal
receptacle can be visualized with DAPI once they accumulate sperm
(Fig. 6B).
The sperm ducts that connect the gonads and other accessory
reproductive structures can be labeledwith anti-acetylated α-tubulin
antibodies (Fig. 6C, C′) and sWGA (Fig. 6D). sWGA also labels the
cirrus and its connection to the internal seminal vesicle, which
can be labeledwith phalloidin (Fig. 6E). The oviduct and the branched
connections to the ovary, seminal receptacle, vitelline gland, and
uterus can be labeled with anti-phospho tyrosine antibodies
(Fig. 6F, F′).
Using DAPI staining, the vitelline gland is diﬃcult to distin-
guish because of its overlapping position with the uterus (Fig. 6B).
However, it is strongly labeled by various lectins, including PNA
(Fig. 6G–H’). At early stages of development, prior to fertilization,
all the vitelline cells are conﬁned to the vitelline gland (Fig. 6G′).
Once fertilization occurs, vitelline cells are paired with zygotes as
they enter the uterus. Thus, PNA staining becomes apparent in the
uterus, which is outlined by the yellow dotted line (Fig. 6H′).
3.7. Gonads to embryos
Each proglottid stereotypically makes three testis lobules, a single
centrally located ovary and copulatory organs that form at one lateral
surface, which marks the “poral” edge (Fig. 7A). Typically, two testis
lobules are positioned on the aporal side of the ovary and one testis
lobule is positioned on the poral side on the ovary (Fig. 7A) though
there is limited variation between proglottids.
The ovary is a lobate organ in which oocytes are speciﬁed. At
early stages of development, the ovaries are small with few lobes
and abundant cell divisions (marked by anti-phospho histone H3
Fig. 7. Gonads and gravid proglottids. (A) Two proglottids with typical arrangement of gonads. The ovary is centrally located with two testis lobes on the aporal side and
one testis lobe on the poral side. The asterisks mark the genital pore. Testes are labeled with sWGA but can also be labeled with LCA, PNA, and Pisum sativum agglutinin
(PSA) (not shown). Mitotic cells are labeled with anti-phospho histone H3 (PHH3) antibodies; dividing germ cells are visible throughout the gonads. (B) Early ovary devel-
opment. (C) Late ovary development, showing a highly lobatemorphology and decreasing frequency of mitoses. (D–F) Development of testis lobules. (D) Early testes development.
(E) Middle stage of testes development. (F–F′) Late stage of testes development. (F) A single confocal micrograph toward the periphery of a mature testis lobe where clus-
ters of mitotic cells can be observed (inset). (F′) A single confocal micrograph of the same testis lobe in F toward the interior where mature sperm can be visualized in the
lumen (inset). (G–G′) Low magniﬁcation view of two gravid proglottids showing degenerating gonads and accessory reproductive structures labeled with LCA. Each pro-
glottid is taken over by an expanded uterus ﬁlled with embryos. (H) High magniﬁcation view of a gravid proglottid in which a degenerating testis lobe is marked with PSA
and embryos enclosed in membranes and protective coats are labeled with anti-phospho serine/threonine (P-S/T) antibodies. Scale bars: A–F′: 50 μm; G–G′: 500 μm; H:
100 μm. T = testis, O = ovary, SD = sperm duct, and E = embryo.
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staining) to give rise to the female gametes (Fig. 7B). As develop-
ment progresses, the ovaries increase in size and become highly
lobate while cell divisions become increasingly less frequent (Fig. 7C).
The testes also increase in size and complexity as development
progresses (Fig. 7D–F′). The male gametes are formed from sper-
matogonial stem cells following four mitotic and two meiotic
divisions to give rise to 64 spermatozoa (Kelsoe et al., 1977). Mature
elongated spermatozoa have a ﬂattened head and long tail that
measure 250–300 μm (Kelsoe et al., 1977). Rosettes of 8 or 16 sper-
matogonia are often visible at the outer surface of the testes lobule
(Fig. 7F). Mature sperm is deposited into the lumen of the testes
(Fig. 7F′). This organization is reminiscent of testis architecture in
the planarian S. mediterranea (Wang et al., 2010) though further char-
acterization withmolecular markers is needed before direct parallels
can be drawn.
It is no exaggeration to say thatH. diminuta is in a race to produce
as many progeny as possible considering the challenges associ-
ated with its multi-host life cycle. As fertilization progresses, the
uterus expands and is ﬁlled with developing embryos. Eventually,
the reproductive structures degenerate (Fig. 7G, G′) and each pro-
glottid is entirely taken over by the uterus. Embryos continue to
divide and elaborate protective coats that can be labeled with anti-
phospho serine/threonine antibodies (Fig. 7H). H. diminutawill then
release large parts of the most posterior strobila that contain gravid
proglottids through apolysis. These proglottids will then exit the rat
with the stool; continuation of the life cycle hinges on suitable ar-
thropod hosts consuming this embryo-rich excrement.
4. Conclusion
In this study, we demonstrate that common laboratory re-
agents can be used to speciﬁcally label different tissues and organs
of H. diminuta. Furthermore, the tissue architecture observed using
confocal microscopy concurs with previously reported descrip-
tions of H. diminuta anatomy. Thus, we have developed a robust and
simple protocol to observe H. diminuta organ structures. We hope
that the developments reported here will serve as a useful re-
source to the community of parasitologists.
Many important questions about parasite biology can be ad-
dressed using H. diminuta as a model system. For example, H.
diminuta can be used to identify and characterize parasite-speciﬁc
genes that are necessary for parasite growth and reproductive health.
H. diminuta can also be used to screen for drugs that negatively
impact parasite survival. The stains we have characterized in this
study will be useful to analyze phenotypes following loss-of-
function perturbations in H. diminuta without the immediate need
for speciﬁc molecular markers. This study enriches the toolbox avail-
able to researchers in the search for new anthelminthic drugs to
combat the scourge of parasitic ﬂatworm infections.
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